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N
ature utilizes hierarchical structur-
ing from the atomic to macro-
scopic scales to create highly ro-

bust, functional materials such as gecko feet

for adhesion1,2 and lotus leaves for

self-cleaning.3�5 These cues from nature

are being exploited in biomimetic designs,

such as in polymeric structures fabricated

using imprint lithography to create nonfoul-

ing surfaces based upon sharkskin motifs.6

One critical parameter for the efficacy of

these designs is the mechanical properties

of the components comprising the hierar-

chical structures, especially those at the

nanoscale.7�9 Additionally, mechanical ro-

bustness of polymers under nanoscale con-

finement is critical for numerous devel-

oped and emerging applications including

photonics,10 microelectronics,11 nonlinear

optics,12 self-cleaning surfaces,3�5 and bio-

sensors.13 Thin films provide a simple geom-

etry to examine polymers confined to na-

nometer length scales. However, studies of

polymer thin films have primarily focused

on elucidating the effect of confinement on

the glass transition temperature (Tg),14�18

while their mechanical properties have

been investigated with conflicting results

as to the impact of confinement on elastic

modulus of soft materials: the modulus has

been reported to increase,19 decrease,20�23

or not change,24�26 similar to results from

initial polymer thin film Tg measurements.27

In the case of thin film Tg, some of the ini-

tial conflicting results can now be rational-

ized by differences in the

polymer�substrate interaction.28 Similarly,

the nature of the probe interaction for in-

dentation measurements has been shown

to impact the observed mechanical proper-

ties.19 Recently, two different noncontact
approaches, based upon wrinkling of thin
films and capillary deformation of nano-
structures, have shown a decrease in the
elastic modulus of PMMA when confined
to the nanometer scale.20,21,29 Interestingly,
a decrease in the modulus has been pre-
dicted by molecular dynamic simulations,
and the thickness at which deviations from
the bulk value occur is found to scale di-
rectly with the quench depth into the bulk
glass.30 This prediction agrees well with the
measured thin film moduli for a family of
polymethacrylates with different bulk Tg

values.31 This decreased modulus is be-
lieved to be caused by coupling of the co-
operative dynamics at the free surface into
the film.32,33
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ABSTRACT The mechanical stability of polymeric nanostructures is critical to the processing, assembly, and

performance of numerous existing and emerging technologies. A key predictor of mechanical stability is the elastic

modulus. However, a significant reduction in modulus has been reported for thin films and nanostructures when

the thickness or size of the polymer material decreases below a critical length scale. Routes to mitigate or even

eliminate this reduction in modulus, and thus enhancing the mechanically stability of polymeric nanostructures,

would be extremely valuable. Here, two routes to modulate the mechanical properties of polymers at the

nanoscale are described. Exposure to ultraviolet light and ozone (UVO) cross-links the near surface region of high

molecular mass PS films, rendering the elastic modulus independent of thickness. However, UVO cannot eliminate

the decrease in modulus of low molecular mass PS or PMMA due to limited reaction depth and photodegradation,

respectively. Alternatively, the thickness dependence of the elastic modulus of both PS and PMMA can be

eliminated by addition of dioctyl phthalate (DOP) at 5% by mass. Furthermore, an increase in modulus is observed

for films with thicknesses less than 30 nm with 5% DOP by mass in comparison to neat PS. Although DOP acts as

a plasticizer for both PS and PMMA in the bulk, evidence indicates that DOP acts as an antiplasticizer at the

nanoscale. By maintaining or even increasing the elastic modulus of polymers at the nanoscale, these methods

could lead to improved stability of polymeric nanostructures and devices.

KEYWORDS: thin films · elastic modulus · wrinkling · polymers ·
confinement · surface modification
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Many physical properties of polymers are observed
to deviate from the bulk values near interfaces, includ-
ing viscosity,34 elastic modulus,22 compliance,19 and
chain relaxation35,36 (including surface Tg).14 In studies
of polymer thin films, PS has been generally examined
as a model system. A significant decrease in the modu-
lus of PS has been reported within 5�10 nm of the
free surface.22,23 Additionally, several reports have dem-
onstrated that the surface dynamics are much faster
than the bulk for PS films, consistent with a reduced sur-
face modulus.37,38 Ellison and Torkelson utilized pyrene-
labeled layers within PS films to examine the distribu-
tion of Tg values, with a gradient in Tg extending
approximately 40 nm below the free surface.14 These re-
sults indicate that the free surface of a polymer has
properties that differ from the bulk, which could lead
to a decrease in the mechanical integrity of polymeric
nanostructures having high surface to volume ratios. In-
deed, Torkelson and co-workers demonstrated that
the Tg of lithographically patterned PMMA films is less
than that observed for unpatterned films of identical
thickness.39 Thus, minimizing this free surface effect is
necessary for generating robust polymeric nanostruc-
tures. One route to decrease the influence of the soft
surface is to increase the bulk Tg of the polymeric
system.30,31 However, high Tg polymers can be difficult
to process due to difficulties with annealing and re-
moval of processing history; for example, nanoimprint
lithography requires processing at high temperatures
to reduce the viscosity of the polymer melt and to en-
able flow of the polymer into the nanostructured mold,
but this processing temperature must be below the
degradation temperature of the polymer.

Alternatively, the surface of the confined films
and/or nanostructures could be chemically modified in
a manner that improves its mechanical integrity. One
common route to the modification of polymer surfaces
is through use of ultraviolet (UV) radiation. Koberstein
and co-workers used UV radiation coupled with molec-
ular oxygen (UVO) to create inorganic oxide coatings on
surfaces, which should be significantly more mechani-
cally robust than the precursors.40 UVO treatment simul-
taneously utilizes UV light and ozone produced in situ
to photochemically modify the surface. In cases where
oxidation and cross-linking occur, such as for poly(dim-
ethylsiloxane) (PDMS) and PS, UVO is known to im-
prove adhesion, wettability, and toughness of poly-
mers through modification of the near surface region,
�5 nm.41,42 However, other polymers, such as PMMA,
predominantly undergo chain scission rather than
cross-linking; thus UVO treatment would not be appro-
priate for all polymers.42

Recently, de Pablo and co-workers used simulations
to identify an alternative route to eliminate the ob-
served decrease in modulus of thin films and nanostruc-
tures: the use of an antiplasticizer.43 These simulations
suggest that, upon the confinement of a polymer/dilu-

ent system, both the initial energy barriers for chain re-
laxation and Tg are unchanged, unlike the neat poly-
mer when confined to a thin film.44 Simulations
studying particle movement within confined polymer
films suggest the addition of an antiplasticizer elimi-
nates the propagation of free surface effects by mak-
ing the film and near surface homogeneous, thus de-
creasing the near surface length scale for cooperative
motion required for polymer relaxation.14,43 Recently,
antiplasticization of lithographically patterned polymer
nanostructures has been demonstrated.45 Deformation
and collapse of these features from capillary forces indi-
cated that the modulus of PMMA is decreased when
the beam width is less than 50 nm, but addition of 5%
antiplasticizer can increase the modulus by 20% irre-
spective of the feature size.45 However, plasticizers,
rather than antiplasticizers, are commonly utilized in
nanoimprint lithography.46 Ellison et al. illustrated that
a plasticizer, dioctyl phthalate (DOP), can effectively
eliminate any finite size effects on Tg of PS.47 It is pres-
ently unclear if a small molecule that acts as a plasticizer
in the bulk can actually lead to antiplasticization and
enhancement of mechanical properties in polymer thin
films and nanostructures.

In this article, we examine the efficacy of two differ-
ent processing routes, UVO treatment and addition of
a bulk plasticizer, to increase the moduli of ultrathin
(�30 nm) PS and PMMA films. Elastic moduli are eluci-
dated using the wrinkling instability of a thin polymer
film on an elastic substrate.20,48 The modulus of polymer
films as thin as 5 nm has been determined with this
metrology.20,21 To understand molecular mass effects,
both a high molecular mass PS and an oligomer of PS
are studied using both processing routes (UVO treat-
ment and addition of plasticizer). We demonstrate that
low concentrations of a plasticizer can effectively elimi-
nate the observed thickness dependence of the elastic
modulus in thin polymer films without significantly de-
creasing the modulus. A more complex situation arises
with UVO treatment, where the efficacy of this method
is dependent upon chemistry (PS vs PMMA) and molec-
ular mass (high vs low). These experimental results can
be explained in terms of near surface effects and the im-
pact of the processing routes explored here on poly-
mer properties in the vicinity of a free interface.

RESULTS AND DISCUSSION
Several reports on the impact of confinement on

the elastic modulus of polymer thin films and nano-
structures suggested a decreased modulus when mea-
sured using noncontact methodologies.20,21,29,31 This re-
duction in modulus is consistent with a purported
liquid-like free surface layer that is dependent on both
the structure and properties of the bulk polymer.14,49

Consistent with these prior measurements,21,31 we ob-
serve a decrease in elastic modulus for PS when the film
thickness (hf) is decreased below a critical threshold
value, as shown in Figure 1. One interesting feature is
that the critical thickness at which deviations in the
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elastic modulus are observed is dependent upon mo-
lecular mass of the PS.31 Using a bilayer approach20,49 to
model a polymer film as having a soft surface layer of fi-
nite thickness, �, with the remainder of the polymer
film behaving similar to the bulk, we find that the ap-
parent thickness of the soft surface layer increases from
� � 5 nm to � � 25 nm when the number-average rela-
tive molecular mass (Mn) of PS is decreased from 492
kg/mol (Figure 1b) to 1.3 kg/mol (Figure 1a). It is impor-
tant to note that the large size of � for the low molecu-
lar mass PS is significantly larger than typically reported
for surface layers in polymer thin films, but Priestley
et al. showed even larger length scales for the impact
of the surface on physical aging.50 Similar to the change
in �, the length scale below which deviations from the
bulk-like modulus occur shifts from approximately 50
nm for the high Mn PS to greater than 60 nm for the low
Mn PS, which suggests that the observed decrease in
modulus is a result of a thin mechanically weak surface
layer. It should be noted that McKenna and co-workers
using bubble inflation of polystyrene films found an in-
crease in the compliance in the rubbery regime for ul-
trathin films, while no thickness dependence in the
glassy modulus is observed.26 It is difficult to assess why
there is such a disparity in the mechanical behavior of
thin PS films between these noncontact techniques, but
it could be related to the time scales of the measure-
ment; the bubble inflation probes relatively long time
scales in comparison to the high-frequency modulus
determined from wrinkling. Similarly, there is signficant
difference in the measurement time scales for DSC and
ellipsometry measurements, with generally no change
in Tg reported from DSC,51 while a decrease in Tg is de-
termined from ellipsometric measurements52 of ul-
trathin PS films.

If the surface of the polymer is indeed the source of
the decreased modulus, one potential route to over-
come the decreased mechanical robustness is to cross-
link the surface of the PS in order to decrease polymer
mobility and increase the surface stiffness. One well-
established route to cross-link PS surfaces is through ex-
posure to UVO.53 The impact of exposure to UVO
(broad-band UV from a low- pressure mercury lamp)
on the thickness dependence of the modulus for 1.3
and 492 kg/mol PS films is shown in Figure 1. UVO treat-
ment for the conditions examined does not signifi-
cantly impact the film thickness. Interestingly, for 1.3
kg/mol PS films (Figure 1a), the observed modulus de-
crease in the unexposed nanoconfined PS film is pre-
served even after UVO exposure: at hf � 50 nm, the
modulus is thickness-independent, while the modulus
begins to decrease significantly as the film thickness is
decreased below 50 nm. Thus, the UVO treatment is un-
able to eliminate the effects of nanoconfinement on
the elastic modulus of low molecular mass PS films.
However, compared to the unexposed low molecular
mass PS, the thicker (�50 nm) UVO-exposed films show
an overall increase in apparent elastic modulus from
Ef(tUVO � 0 s) � 1.06 GPa to Ef(tUVO � 0 s) � 1.87 GPa, as-

suming a Poisson’s ratio, �f, of 0.33. Note that Figure 1
reports the strain-plane modulus, Ēf � Ef/(1 � �f

2). Simi-
larly, the 492 kg/mol PS films exhibit an increase in over-
all modulus when exposed to UVO, but the modulus be-
comes independence of thickness after UVO exposure
of 30 and 60 s. The bulk elastic modulus of unexposed
PS is approximately 3.2 GPa, which increases to approxi-
mately 3.5 and 4.0 GPa after 30 and 60 s of UVO expo-
sure, respectively. Additionally, a bulk-like modulus is
measured for films as thin as 15 nm after UVO exposure;
this is counter to neat polymers that we have exam-
ined where a decrease in modulus relative to the bulk
is observed at this length scale.20,29,31 To explain the mo-
lecular mass dependency on the efficacy of UVO treat-
ment, an understanding of the effects of UVO on the
properties of PS surfaces is required.

Fortuitously, the UVO surface treatment of poly-
mers has been widely studied and the mechanism of
surface modification has been established.40�42,53

Ozone (or atomic oxygen) initially breaks molecular
bonds on the surface of the polymer, allowing for the
addition of oxygen atoms.54 For short exposure times
(tUVO � 60 s), the atomic concentration of oxygen in-
creases linearly with time to approximately 6% after 60 s
exposure.41 This work uses an identical UVO model to
the prior detailed study on the oxidation of PS sur-
faces,41 but the sample to source distance is much less
(�1 cm here compared to 4 cm). With the exposures
used, it is expected that a maximum of 7 atom % oxy-
gen will be incorporated into the films.41 Atomic oxygen
reacts with the polymer chain by an insertion reaction
to form carbonyl groups or through the removal of hy-
drogen from the chain to yield a carbon radical; this car-
bon radical can lead to the formation of carboxyl
groups and enables cross-linking between polymer
chains.41,42 As oxygen is required for these reactions,
the diffusion of oxygen through the film is required;
cross-linking of the surface limits the diffusion of oxy-
gen and leads to an apparent limitation of the modifi-
cation to the near surface region extending approxi-
mately 5 nm into the film.41 In addition to the cross-
linking induced by oxygen, UV light can also cross-link

Figure 1. (a) Modulus as a function of film thickness for 1.3 kg/mol PS:
pristine (�), after 30 s UVO exposure (�), after 60 s UVO exposure (�),
and after 90 s UVO exposure (▫). (b) Modulus as a function of film thick-
ness for 493 kg/mol PS: pristine (�), after 30 s UVO exposure (�), and
60 s UVO exposure (�). The error bars represent one standard deviation
of the data, which is taken as the experimental uncertainty of the
measurement.
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the PS matrix;55�57 however, the penetration depth for
effective cross-linking of PS is 1�2 �m.55 Thus, for the
thin films examined here, UV light can penetrate
through the film and cross-link the bulk of the PS. How-
ever, the rate of cross-linking of PS from UV light alone
is quite slow55 in comparison to ozone, so the bulk will
only be lightly cross-linked even after 90 s of exposure.
With these prior results in mind, it is possible to inter-
pret the thin film moduli data for the PS films exposed
to UVO as shown in Figure 1. For high molecular mass
PS (492 kg/mol), the free surface layer (hf � 5 nm) hav-
ing a reduced modulus should be completely oxidized
and cross-linked by ozone based on the observed
diffusion-limited penetration depth of �5 nm for mo-
lecular oxygen during UVO exposure. Conversely, the
UVO treatment of low molecular mass PS (1.3 kg/mol)
does not eliminate the thickness-dependent modulus.
However, the lower molecular mass PS has a signifi-
cantly larger surface layer (� � 25 nm) that cannot be
oxidized through its entire thickness by ozone, but the
UV-induced cross-linking can occur through the whole
film thickness. The thin film modulus behavior can be
qualitatively understood by examining the depth-
dependent cross-link density in PDMS using UV with
and without ozone.58 In this case, significant surface oxi-
dation is only observed within the first 5 nm, which is
attributed to ozone. However, a weaker cross-linking re-
sponse due to UV alone penetrates approximately 100
nm into the film.58 The large density change for PDMS
enables this depth dependence to be elucidated. There
are significant structural differences between PDMS
and PS with PS being a much stronger absorber in the
UV due to its aromaticity, but UV only to cross-link thin
films (�100 nm) of PS-b-PMMA utilizes a dose of 25
J/cm2 (would correspond to 15 min exposure here),59

which is consistent with the much slower cross-linking
by UV alone. Thus, the weaker cross-linking through the
film thickness based on UV exposure is likely respon-
sible for a major of the increase in modulus observed
for the thick films. However, as the near surface has en-
hanced mobility37 and is mechanically more compliant,
oxidation is likely necessary to mechanically enhance
this region of the film to the same extent as the bulk.
If the near surface became significantly stiffer than the
bulk of the film during UVO exposure, the moduli would
then increase as film thickness is decreased, which is
not observed. For this reason, the modulus of near sur-
face of the UVO-modified PS must be similar to that of
the bulk for the high molecular mass PS that has been
UV cross-linked. In contrast, the modulus for the thinner
films of the low molecular mass PS decreases for the
thinner films. This thickness-dependent behavior indi-
cates that a portion of these films exhibits a lower
modulus. As the modulus is constant for films thicker
than approximately 60 nm for a given UVO exposure,
lack of UV penetration through the film cannot account
for this difference. However, the difference in the size
scale of the softer near surface region in the neat PS
films appears to match the observed dependence on

molecular mass of PS for the thin film elastic modulus
dependent upon the finite penetration depth of the
ozone during UVO treatment.

To further investigate the influence of UVO treat-
ment on the mechanical properties of confined poly-
mers, thin films of PMMA were also examined. The im-
pact of UVO exposure on the elastic modulus of PMMA
is shown in Figure 2; the UVO-treated PMMA remains
statistically invariant to the unexposed PMMA at identi-
cal thickness. During exposure to UV radiation, cross-
linking and chain scission occur simultaneously, but the
dominance of either process is a function of the poly-
mer structure.42,60,61 Unlike the predominance of cross-
linking processes for PS, PMMA primarily undergoes
chain scission of the methyl esters followed by the gen-
eration of one unsaturated bond in the polymer chain
under UV irradiation.61 This difference in behavior has
been exploited in block copolymer lithography using PS
and PMMA segments to create a nanoporous template
upon removal of the PMMA fragments.59 Since the sur-
face of the PMMA is not appreciably cross-linked by
UVO exposure, there is no strengthening of the sur-
face and hence no statistical change in the thin film
moduli. However, reduction in the molecular mass of
PMMA via chain scission will ultimately lead to a de-
crease in the modulus. On the basis of the observations
shown here, any decrease in average molecular mass
from chain scission during a 30 s UVO exposure is insuf-
ficient to adversely impact the elastic modulus in com-
parison to the neat unexposed PMMA. However, UVO
treatment is not able to effectively eliminate the ob-
served decrease in the mechanical properties of ul-
trathin PMMA films. Thus, the data for both PMMA and
the low molecular mass PS illustrate the limitations of
UVO for improving the elastic modulus at the nano-
scale, although UVO is effective for some specific poly-
mer systems such as high molecular mass PS.

Stiffening of polymers at the nanoscale is important
for nanotechnology as polymeric materials are com-
monly utilized as templates.10�13 However, PMMA is
more commonly utilized in the fabrication of nanostruc-
tures than PS,11,29,39 so UVO treatment will not be appli-

Figure 2. Modulus as a function of film thickness for 91 kg/
mol PMMA: pristine (�) and after 30 s UVO exposure (Œ). The
error bars represent one standard deviation of the data,
which is taken as the experimental uncertainty of the
measurement.
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cable in most cases. Thus other routes to improve the
stiffness of polymers are necessary in these cases. One
potential alternative to UVO treatment for mechanically
reinforcing polymers at the nanoscale is through the
addition of an antiplasticizer. Traditionally, small mol-
ecule diluents known as plasticizers are added to poly-
mer materials to increase processability and reduce fra-
gility/brittleness by reducing Tg. However, the addition
of plasticizers also lead to a decrease in the modulus,
which can be detrimental for some applications. Con-
versely, antiplasticization can occur at low diluent lev-
els when a strong interaction is present between the
small molecule and the polymer that leads to
densification.62�64 In cases where antiplasticization oc-
curs, the increased physical density of the material leads
to an increased elastic modulus, despite a decrease in
Tg from the addition of the diluent to the polymer.62�64

Simulations by de Pablo and co-workers indicate that
antiplasticizers can also provide enhanced mechanical
rigidity of polymers at the nanoscale.43 Additionally, the
antiplasticizer homogenizes the polymer film in terms
of cooperative rearrangement;43 this homogenization
eliminates surface effects37 that have been attributed as
the cause for a decrease in Tg

32 and mechanical proper-
ties34 of nanoconfined polymers. Recently, an antiplasti-
cizer has been shown to improve the mechanical stabil-
ity of PMMA nanostructures.45 A maximum in the
apparent modulus occurs at approximately 5 % by
mass of antiplasticizer, but for a fixed composition, the
moduli of the PMMA decreases as the feature size is de-
creased;45 this result is consistent with the aforemen-
tioned simulations where antiplasticizing diluents
homogenize the film.43 Conversely, Ellison et al. showed
that the addition of approximately 9% by mass pyrene
in PS eliminated any size dependencies on the film Tg

behavior.47 Potential 	�	 interactions between PS and
pyrene could lead to an antiplasticization effect. How-
ever, addition of only 4% by mass DOP to PS also elimi-
nates nanoconfinement effects on thin film Tg.47 This re-
sult is quite curious, as addition of DOP to bulk
polymers leads to plasticization with a reduction in the
bulk Tg and a decrease in the elastic modulus.65,66 How-
ever, the loss of thickness dependence in Tg for PS thin
films is not consistent with the experimental data for
the mechanical properties of PMMA nanostructures
with added antiplasticizer,45 thus it is important to un-
derstand how DOP or other plasticizers impact the
modulus of polymers at the nanoscale.

For �55 nm PS thin films, a decrease in both Tg

and elastic modulus is observed with the addition of
DOP. Without DOP, the Tg of the PS (Mn � 2.3 kg/mol)
is 64.3 
 1.6 °C, but Tg decreases to 55.1 
 2.1 °C with
the addition of 5% by mass DOP. This depression in Tg is
consistent with previous data for the Tg of DOP-
plasticized PS in the bulk.67 Figure 3 illustrates the slight
decrease in elastic modulus of PS films (hf � 55 nm) as
the concentration of DOP is increased. The decrease in
both Tg and elastic modulus with addition of DOP in the
films is indicative of plasticization of the PS at 55 nm.

However, the addition of DOP to 990 kg/mol PS thin
films leads to a progressive increase in the modulus for
films less than �50 nm thick, as shown in Figure 4. It is
interesting that the bulk modulus is not significantly im-
pacted by the addition of up to 5% by mass DOP, but
the modulus of ultrathin (�30 nm) films is strongly de-
pendent upon the DOP concentration over the same
range. At 5% by mass DOP, the PS film modulus is sta-
tistically independent of film thickness. Increasing the
DOP concentration to 10 and 15% by mass leads to a
slight decrease in the modulus, but the elastic modu-
lus remains independent of film thickness at higher
concentrations. This is reminiscent of the impact of DOP
on the Tg of PS thin films where bulk Tg is recovered in
ultrathin films if greater than 4% by mass DOP is
added,47 although the length scale at which Tg and
modulus deviations from bulk occur is not always
consistent.21,31 The addition of nonvolatile diluents ap-
pears to be a facile mechanism to improve the elastic
modulus of polymers at the nanoscale. However, the ef-
fect of UVO treatment on the mechanical behavior of
both high and low molecular mass PS thin films is strik-
ingly different, so it would be insightful to determine if
similar differences exist when adding DOP to these sys-
tems. One issue that arises is the initial low Tg of the
1.3 kg/mol PS; addition of 5% by mass DOP decreases
Tg below ambient, thus precluding the formation of
stable wrinkle patterns to elucidate the thin film modu-

Figure 3. Modulus dependency on DOP concentration for
both 990 kg/mol (�) and 2.3 kg/mol (Œ) PS films (hf � 55
nm). The error bars represent one standard deviation of the
data, which is taken as the experimental uncertainty of the
measurement.

Figure 4. Modulus of (a) 990 kg/mol and (b) 2.3 kg/mol PS with vary-
ing DOP concentration: pure PS (�), 1% by mass (9), 3% by mass (}),
and 5% by mass (Œ). The error bars represent one standard deviation
of the data, which is taken as the experimental uncertainty of the
measurement.
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lus. Instead, a slightly larger molar mass is utilized for
the DOP studies (2.3 kg/mol). As shown in Figure 4b, the
addition of DOP to this lower molecular mass PS also
yields improvements in the modulus of the ultrathin
films. The impact of DOP on the modulus is identical be-
tween the two molecular masses. This suggests that
the mode of inhibition of nanoconfinement effects by
addition of DOP is independent of the degree of me-
chanical heterogeneity within the film as the thickness
of soft surface layer (�) is estimated to be nearly double
for the 2.3 kg/mol PS in comparison to the 990 kg/mol
PS.31

To further examine the inhibition of nanoconfine-
ment effects on polymer moduli by addition of DOP, a
polymer lacking aromaticity is examined: PMMA. Figure
5 shows the film thickness dependence of the modu-
lus of PMMA as a function of DOP concentration. Simi-
lar to the observed behavior for PS, addition of DOP sys-
tematically increases the modulus of ultrathin films of
PMMA. At 5% by mass DOP, the modulus of the PMMA
is independent of film thickness, just as seen for PS
films. These results suggest that small molecules in ul-
trathin polymer films may be able to act as antiplasticiz-
ers, even if these diluents are plasticizers in the bulk.
One alternative explanation to the increased modulus
for the ultrathin films with added plasticizer is a similar
effect to the initial increase in elastic modulus from
swelling of a cross-linked polymer network.68 In the net-
work, the rubbery chains are confined by the chemical
cross-links during swelling, which is a competition be-
tween entropy of mixing and chain stretching. For the
thin films, there is ample evidence in the literature for a

rubber-like surface;23,32,35�37 physical cross-links near
the surface that form loops that are locked within the
film (glass) could behave similar to the chemical cross-
links of swollen networks. However, the low Mn PS ex-
amined here is below the entanglement Mn but still ex-
hibits a thickness-independent moduli with 5 % by
mass DOP. These results using a bulk plasticizer to anti-
plasticize ultrathin films are striking, but it is unclear ex-
actly how the addition of a diluent to a polymer thin
film can increase its modulus. This behavior could be ra-
tionalized by molecular dynamics simulations that sug-
gest thin films containing a small molecule exhibit
smaller-scale collective motion, which reduces the influ-
ence of the free surface layer and subsequently leads
to eliminating the bulk modulus reduction that is
present in the neat polymer film.44 Additional theoreti-
cal work is necessary to understand how the addition of
DOP to PS and PMMA thin films eliminates thickness de-
pendence of elastic modulus.

CONCLUSIONS
The elastic moduli of PS and PMMA are found to de-

crease when the film thickness is less than 50 nm as a
result of a mechanically compliant surface layer. Two
strategies to limit or circumvent the reduction in modu-
lus of polymers at the nanoscale are examined:
UV�ozone-promoted oxidation/cross-linking of sur-
face and addition of small molecule diluent. UVO expo-
sure leads to oxidation and cross-linking of the near sur-
face of PS (�5 nm), which leads to an overall increase
in modulus. For high molecular mass PS (492 kg/mol),
the thickness of the cross-linked layer is similar to that
of a soft free surface layer (� � 5 nm) and the modulus
of these films after UVO exposure is independent of film
thickness. For low molecular mass PS (1.3 kg/mol), the
free surface layer (� � 25 nm) is larger than the depth of
surface modification, thus the modulus for this low mo-
lecular mass PS is still thickness-dependent after UVO
exposure. Due to chain scission during the photodegra-
dation process for PMMA, no statistical variation in the
modulus compared to the pure nanoconfined polymer
is observed with UVO exposure. Conversely, addition of
a plasticizer for bulk PS and PMMA leads to a reduc-
tion in the extent of decrease in moduli for ultrathin
films. At 5% by mass DOP, the moduli of PS and PMMA
films are independent of film thickness. This result sug-
gests that the polymers are antiplasticized by DOP at
the nanoscale despite DOP acting as a plasticizer in the
bulk for both PMMA and PS.

METHODS
Certain commercial materials and equipment are identified

in this paper in order to specify adequately the experimental pro-
cedure. In no case does such identification imply recommenda-
tion by the National Institute of Standards and Technology nor
does it imply that the material or equipment identified is neces-
sarily the best available for this purpose.

PS of varying molecular mass was purchased from Polymer
Laboratories (Mn � 1.3 kg/mol, Tg � 29.9 °C; Mn � 2.3 kg/mol,

Tg � 64.3 °C; Mn � 492 kg/mol, Tg � 106.1 °C; Mn � 990 kg/
mol, Tg � 106.3 °C). PMMA was purchased from Polymer Source
(Mw � 91 kg/mol, Tg � 105 °C). Dioctyl phthalate (DOP) and tolu-
ene were purchased from Aldrich and used as received.

Silicon wafers (450 �m thick) were used as substrates for
PS, cleaved into approximately 2.5 cm � 1 cm pieces and
cleaned with UVO (model 42, Jelight). To assist with film trans-
fer, mica sheets were used as substrates for PMMA films. Poly-
mer films were spin-cast from the dilute solutions in toluene

Figure 5. Modulus of 91 kg/mol PMMA with varying DOP
concentration: pure polymer (�), 1% by mass (▫), 3% by
mass ({), and 5% by mass (�). The error bars represent one
standard deviation of the data, which is taken as the experi-
mental uncertainty of the measurement.
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onto these substrates. PDMS (Sylgard 184, Dow Corning) was
prepared in a ratio of 20:1 by mass of base to curing agent, cast
into 1.5 mm thick sheets, and allowed to gel at room tempera-
ture for 3 h before curing at 100 °C for 2 h. After cooling to am-
bient, the PDMS was cut into approximately 2.5 cm � 7.5 cm
strips. The modulus of the PDMS was determined using a Tex-
ture Analyzer (TA-TX Plus) at a strain rate of 0.01 mm/s and found
to be 0.6 
 0.2 MPa.

In order to exceed the critical strain required to produce sur-
face wrinkling on all samples, the PDMS was prestrained to 4%
using a stage described previously.69 The polymer film was then
transferred to strained PDMS using differential adhesion in
water. The sample was dried under vacuum at 10 °C below its
bulk Tg to avoid thermal-induced wrinkling. In cases where UVO
treatment was used, the polymer film on the strained PDMS was
exposed to UVO (model 42, Jelight) at a distance of approxi-
mately 10 mm from the UV source for a controlled period of time.
This UVO outputs light from a low-pressure mercury vapor lamp
with a nominal intensity of 28 mW/cm2 at 254 nm, so exposure
dosage between 0.84 and 2.52 J/cm2 was used in this study (cor-
responding to 30�90 s of exposure). The prestrain on the PDMS
was then released at a rate of 0.1 mm/s. All samples were re-
leased at ambient temperature (T � 22 
 2 °C). Euler-type wrin-
kling occurs upon compression of the polymer film by release
of the prestrain. Due to a minimization of the total strain energy,
the resulting surface is composed of sinusoidal undulations hav-
ing a dominant wavelength, �. As the PDMS substrate is much
thicker than the film and the modulus of the film is much greater
than the modulus of the substrate, the mechanics can be solved
using a semi-infinite plane approximation that results in the
wavelength being independent of strain as long as the sub-
strate is linear elastic.69 This strain invariance of � results in a
simple route to deduce the thin film modulus, Ef, if the modulus
of the substrate,Es, and the film thickness, hf, are known. The re-
lationship between the film modulus and the wrinkling wave-
length is given by Ēf � 3Ēs(�/2	hf)3.

The thickness of the polymer film on the strained PDMS
was determined using a variable angle spectroscopic ellipsome-
ter (VASE M-2000, J.A. Woollam Co., Inc.) over a wavelength
range from 250 to 1700 nm using three incident angles, 67, 70,
and 73°. The data were modeled using the optical properties of
the PDMS substrate and a Cauchy layer to describe the polymer
film. The film thickness measured before transfer (i.e., on the sili-
con wafer) was found to be within 1 nm of the film thickness af-
ter transfer (i.e., on PDMS). Additionally, the decrease in film
thickness from UVO exposure is less than 1.5 nm in all cases
examined.

Characterization of the wrinkled surfaces was performed us-
ing atomic force microscopy (AFM) and optical microscopy. AFM
images were acquired at ambient temperature on an Agilent
Technologies 5500 system in tapping mode using a constant
scan size of 7.5 �m � 7.5 �m at a scan rate of 1 Hz. AFM im-
ages were analyzed using 1D fast fourier transform (FFT) to ob-
tain the wavelength of the wrinkles. Optical images were ac-
quired using a Mititoyo Ultraplan FS-110 and analyzed using 1D
FFT to determine the wrinkle wavelength.

To measure the Tg of PS with 5% by mass of DOP as thin
films on PDMS, 20:1 PDMS films were spin-cast onto clean sili-
con wafers from a dilute toluene solution (0.5�2% by mass
PDMS) and cured at 100 °C for 2 h. The PDMS layer was varied
from 30 to 70 nm thick. PS films containing 5% by mass of DOP
(hf � 55 nm) were transferred to the PDMS films from silicon wa-
fers as described above. Ellipsometry was used to measure the
thermal response of PDMS films and PDMS/PS-DOP bilayers. Tg

was determined from changes in the PS-DOP film thickness mea-
sured upon cooling from 60 to 30 °C at 1.0 °C/min in a nitrogen
purge atmosphere.
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